MRI plays a pivotal role in the diagnosis of multiple sclerosis (MS) in children, as it does in adults. The presence of multiple lesions in CNS locations commonly affected by MS, along with the presence of both enhancing and nonenhancing lesions, can facilitate a diagnosis of MS at the time of a first attack, whereas the accrual of serial lesions or new clinical attacks over time confirms the diagnosis in patients not meeting such criteria at onset. T2 and enhancing lesion accrual could serve as a primary outcome metric for pediatric MS clinical trials of selected therapies with anti-inflammatory activity in order to facilitate feasible trial size numbers. More-advanced MRI techniques reveal the impact of MS on tissue integrity within both T2-bright and T1hypointense lesions and regions of normal-appearing tissue. Volumetric MRI analyses quantify the impact of MS on age-expected brain growth, and fMRI reveals activation and resting-state functional connectivity patterns in patients with pediatric MS that differ from those seen in healthy age-matched youth. Such studies are of critical importance because MS onset during childhood may profoundly influence maturing and actively myelinating neural networks. Highfield MRI visualizes MS pathology at a near-microscopic level and has the potential to more fully explain mechanisms for cognitive impairment, fatigue, and disability in patients with pediatric MS. Neurology ® 2016;87 (Suppl 2):S88-S96 GLOSSARY ADEM 5 acute disseminated encephalomyelitis; CIS 5 clinically isolated syndrome; DIS 5 dissemination in space; DIT 5 dissemination in time; DTI 5 diffusion tensor imaging; IPMSSG 5 International Pediatric MS Study Group; MS 5 multiple sclerosis; MT 5 magnetization transfer; RIS 5 radiologically isolated syndrome; RRMS 5 relapsing-remitting MS.
Multiple sclerosis (MS) in childhood and adolescence is characterized by both clinical and MRI evidence of highly active inflammation. Although many aspects of relapsing-remitting MS (RRMS) are similar in both pediatric-and adult-onset disease, very young pediatric patients have certain unique features. Disorders to consider in the differential diagnosis of MS include non-MS inflammatory diseases, CNS involvement in systemic inflammatory disorders, and genetic and metabolic disorders of white matter, some of which have an associated inflammatory response. MRI forms a key component in evaluation. Pediatric-onset MS also provides a window into understanding the earliest biological aspects of MS. The disease has a great impact on brain integrity, as evidenced by MRI metrics that quantify disruption of tissue microstructure as well as loss of age-expected brain volume. The present article focuses on recent advances in neuroimaging in pediatric MS, with practical considerations for the use of MRI in diagnosis, monitoring of clinical course, and response to therapy. Potential advanced imaging techniques to further understand the impact of the disease on the ongoing maturing CNS are discussed, as is the utility of MRI as an outcome measure for clinical trials in pediatric MS.
ROLE OF MRI IN MS DIAGNOSIS
Considerable recent effort has focused on the contributions of MRI for distinguishing children with MS from children with monophasic demyelination. Other articles in this supplement provide details regarding the clinical features of incident demyelination, including acute disseminated encephalomyelitis (ADEM) and clinically isolated syndromes (CIS; which include optic neuritis, transverse myelitis, brainstem or cerebellar symptoms, and other CNS presentations). MRI features that help identify children for whom CIS represents the first attack of MS include 1 or more nonenhancing T1-hypointense lesions, 2 or more periventricular lesions, and the absence of a diffuse lesion distribution pattern. Two of these 3 criteria were described to be sensitive for distinguishing MS from ADEM. 1 Subsequently, a large population-based study revealed that the highest odds ratio for subsequent MS diagnosis was the presence of both 1 periventricular T2-hyperintense lesion and at least 1 T1-hypointense lesion. 2 T1hypointense lesions are detected in fewer than 20% of patients with ADEM. 3 In children with a non-ADEM presentation, a normal brain MRI at onset (such as can be seen in children with optic neuritis or transverse myelitis) conveys a very low (,3%) likelihood of MS diagnosis. 2 The current MRI criteria for MS (2010 McDonald) 4 include a specific focus on pediatric features, unlike prior MS diagnostic criteria that did not address pediatric MS. The 2010 McDonald criteria were designed to simplify the requirements for dissemination in space (DIS) and time (DIT), thereby improving early detection of MS while maintaining specificity.
DIS in both pediatric and adult patients with MS is met by the presence of at least 1 lesion in at least 2 of 4 typical white matter locations, including juxtacortical, periventricular, infratentorial, and spinal cord. In patients presenting with a spinal cord or brainstem syndrome, these symptomatic lesions do not count toward the lesion count. 4 DIT has unique considerations in the pediatric population. In older patients ($12 years of age), it can be met at the time of a baseline scan provided there is evidence of both a gadolinium-enhancing and nonenhancing clinically silent lesion, based on prior work showing that the presence of nonenhancing and asymptomatic gadolinium-enhancing lesions is predictive for the development of RRMS in the setting of a first clinical attack. 5, 6 New lesions on serial scans, or further clinical attacks, are also sufficient for MS diagnosis in patients not meeting criteria at the time of their incident attack and serial clinical and MRI evaluations are advised when confirming the diagnosis of MS in patients with onset age younger than 12 years.
The clinical and imaging behavior of the disease in adolescent patients has significant similarities to adult-onset RRMS, and pediatric patients have comparable total T2 lesion burden to adult-onset patients when matched for disease duration. 7, 8 In children younger than 12 years, lesions tend to be larger than typical adult lesions, with less well-defined margins, 9, 10 and lesions may completely resolve early in the disease, which is rare in adult-onset MS. 10 In younger children, the 2010 criteria are less reliably predictive of confirmed relapsing MS, 11 and distinguishing MS from monophasic demyelination can be more difficult than in adolescent patients. The 2010 criteria specifically preclude adjudication of DIS and DIT at the time of an acute attack if the attack meets criteria for ADEM 4 and require that MS diagnosis in such children be predicated on serial evidence of non-ADEM attacks and/or accrual of clinically silent new lesions. Overall, the 2010 McDonald criteria have been shown to perform better than or similar to previously proposed pediatric MS criteria. [12] [13] [14] [15] [16] [17] and have been incorporated into the revised International Pediatric MS Study Group (IPMSSG) 2013 diagnostic criteria for pediatric MS. 18 The spinal cord is 1 of the 4 DIS locations in the McDonald 2010 criteria, although a recent study suggested inclusion of spinal cord imaging at first attack did not improve diagnostic identification of children with MS. 16 In general, spinal lesions in patients with pediatric MS have similar imaging characteristics as those in adult patients. 19 Although most lesions in patients with MS are relatively small, longitudinally extensive lesions spanning greater than 3 spinal segments in length have been described in ADEM and neuromyelitis optica and in up to 10% of patients with pediatric MS. 20 In view of time constraints with sedation and availability of MRI, not all children receive brain and spinal cord MRI at baseline. Including spinal cord MRI can provide a more comprehensive assessment in cases in which there is diagnostic uncertainty and could provide important information for future assessments. The accrual of clinically silent new spinal lesions occurs in 25% of patients with adult-onset MS in the first few years of RRMS, suggesting that spinal cord imaging may be of value in monitoring disease activity in pediatric MS as well. 21 However, as of yet, the frequency of clinically silent lesions and the relationship between spinal cord lesions and clinical outcome has not been well-studied in pediatric MS. Given that the majority of spinal lesions in patients with pediatric MS occur in the cervical and thoracic cord, 19 spinal imaging of the cervical and thoracic spine would have the highest diagnostic value.
MRI features consistent with MS have been found in children imaged for indications other than clinical demyelination. The term radiologically isolated syndrome (RIS) has been coined for such circumstances. At present, children and adults with RIS, even those who show new lesions on serial imaging, do not meet criteria for MS unless a clinical attack occurs. It is important to perform paraclinical testing to evaluate for subclinical disease or for evidence of a prior attack that was not identified-a key issue in young children who may not have reported mild symptoms. Visualevoked responses 22 or optical coherence tomography features 23, 24 consistent with prior optic neuritis can be used to support a prior demyelinating event, which in combination with MRI evidence of DIT and DIS can confirm the diagnosis of MS. Further research on the implications of RIS in the pediatric population and consensus regarding management of both children and adults with accrual of new MRI lesions is required.
Differential diagnosis, special considerations, and unique imaging features. Table 1 summarizes key imaging features of MS, ADEM, other inflammatory CNS disorders, and selected metabolic and genetic disorders associated with inflammatory features. Moredetailed reviews of metabolic and genetic white matter disease of children have been recently published (http://www.ncbi.nlm.nih.gov/books/ NBK184570). 25, 26 Distinguishing demyelinating disease from these inherited conditions can be challenging, and the MRI appearance can guide further diagnostic studies based on the imaging pattern. Some typical MRI appearances that would raise the consideration of several of these disorders are listed in table 1 and included in the figure.
STANDARDIZED
MRI SEQUENCES AND MRI CONSIDERATIONS FOR MULTICENTER RESEARCH In adult MS studies, and clinical trials in particular, rigorous standards for image acquisition have proven pivotal in order to (1) ensure reproducibility of MRI endpoints, (2) permit multisite comparisons and grouping of multisite data, and (3) permit serial measures of lesional or tissue volumes. Standardized 2-or 3-dimensional T1 and T2 images with consistent orientation (axial, sagittal, coronal) of each sequence permit far more accurate visualization of new or enlarging lesions. Field strength, slice thickness, gap, and angulation can influence new lesion detection. 27 For research, it is imperative to adhere to rigorous and standardized imaging protocols and to ensure quality testing of each MRI scanner.
Field strength affects both quantitative and qualitative measurements of both brain volumes and lesions. The effect of gadolinium on T1 relaxation increases with increasing field strength. Thus, gadolinium-enhancing lesion counts are greater at 3T than at 1.5T. 28 T2-weighted lesion detectability is also increased at 3T compared to 1.5T because of improvements in signal-to-noise ratio and the potential reductions in slice thickness and gaps. However, in terms of confirming DIS in MS diagnostic evaluations, 1.5T MRI and 3T MRI have been found to be comparable in adults. 29 Ultra-high-field MRI (7T) and specific sequences on 3T permit visualization of cortical lesions that are otherwise invisible on 1.5T.
USE OF MRI IN CLINICAL PRACTICE
The IPMSSG proposed guidelines for monitoring clinical disease activity in pediatric patients, 30 which suggest that brain MRI every 6 months is a reasonable frequency for assessing subclinical accrual of new disease. The first brain MRI after initiation of a new therapy is also proposed to occur at 6 months in order to avoid prematurely adjudicating treatment failure for therapies that require time for maximal efficacy. Clinical scans are valuable for detecting new and enlarging lesions and lesion enhancement. Recent concerns regarding CNS accumulation of gadolinium has prompted use of newer agents, and further information on the safety of paramagnetic agents is required. [31] [32] [33] Given the potential concerns regarding accumulation of gadolinium in the brain over time, it is reasonable to consider whether administration of contrast is required for all serial MRI studies. Gadolinium-enhanced images play a key role at onset and on serial MRI scans obtained to confirm MS diagnosis. 4 It could be argued that once the diagnosis is confirmed and serial imaging is obtained to monitor disease activity (and response to therapy), enhanced images are required only if the T2 images demonstrate new lesions, in order to then determine whether these new lesions also enhance. The presence of new enhancing lesions has been shown to correlate with relapse rate in adults, 34 and the presence of enhancing lesions on serial MRI studies is one factor proposed for consideration when adjudicating inadequate treatment response in patients with pediatric MS. 30 If serial MRI scans do not have new T2 lesions, gadolinium administration is not required. Radiologist interpretation of the T2 lesion pattern while the MRI was being acquired would be required, which may not be possible in all circumstances.
ADVANCED MRI TECHNIQUES AND THEIR USE IN
PEDIATRIC MS Advanced MRI techniques include magnetization transfer (MT) imaging, diffusion tensor imaging (DTI), fMRI, and 2-or 3-dimensional T1-and T2-weighted sequences designed to permit quantification of regional and whole brain as well as T2 and T1 lesion volumes. Table 2 summarizes these techniques and the findings of each in pediatric MS cohorts to date.
The goal of advanced imaging is to provide a more "pathologic" insight that in turn will relate more directly to clinical outcomes. As referenced in table 2, the extent of intralesional increase in MT ratio is considered indicative of remyelination and repair. Abnormalities in DTI metrics indicate loss of microstructural integrity in both lesional as well as normal-appearing tissue. Differences in fMRI brain activation patterns both at rest and during tasks between patients with MS and controls is emerging as evidence of either increased activation of compensatory networks in cognitively preserved patients or as failure of activation of key regions in patients with cognitive impairment. Age-and sex-normative data for all of these modalities are critical.
Quantitative MRI analyses in patients with pediatric MS have provided compelling evidence that the young age of children with MS is not protective against T2-and T1-weighted lesion accrual. Of perhaps even greater importance is the negative impact Table 1 Role of MRI in the differential diagnosis of MS in children of MS onset during childhood on age-expected brain growth and the alarming onset of brain atrophy in adolescents. 35, 36 Serial analyses for brain volume change and importance of normative data. Unlike in patients with adult-onset MS, in pediatric patients with MS age-expected brain and skull growth complicates the interpretation of volume changes over time. Normalization of brain size to skull size, which is used routinely in adults to reduce population variance, is not appropriate in children because the growth of brain and skull dissociates to a small but significant extent, making skull-based normalization unreliable. Changes in brain volume in children have to be interpreted in the context of age-expected brain growth using growth trajectory modeling. 36 Normative data should be obtained using the same standardized pulse sequences.
MRI AS AN OUTCOME IN CLINICAL TRIALS The relatively small number of patients with pediatric MS challenges the feasibility of clinical trials in this population, especially if these trials are attempting to achieve statistical power with clinical endpoints as primary outcomes. The first clinical trials in pediatric MS cohorts are now under way. Although surrogacy of MRI lesion activity for relapses is more controversial at the individual level, 37,38 the role of lesion accrual as a surrogate in clinical trials of the therapies tested in adult MS has been demonstrated. 34, 39 A recent meta-analysis 39 demonstrated a specific and predictable correlation between the effect of treatments on MRI lesions and the effect of treatments on clinical relapse rates in patients with RRMS. It is well known that the validity of a surrogate endpoint is treatment-specific, so it should not be assumed that the effect of a drug with a new and unknown mechanism of action on relapses can be fully estimated by its effect on MRI lesions. However, it is reasonable to assert that MRI is an acceptable surrogate outcome in pediatric clinical trials of therapies already approved for patients with adult-onset RRMS, particularly therapies with known anti-inflammatory effects as demonstrated by reduction in clinical relapses and MRI accrual of new lesions. 39 The rationale for this strategy is based on data showing that pediatric-onset MS is associated with an MRI burden of disease at least as great as that seen in adults with MS, 8, 40 if not even higher. 7 The presence of at least 3 of 4 Barkhof MRI criteria at the onset of MS signs is predictive of early relapse after a diagnosis of MS in children. 41 Therefore, it is reasonable to assume that MRI markers can have the same sensitivity for detecting disease activity in children as in the adult population. Furthermore, pediatric-onset MS is associated with a higher relapse rate frequency early in the disease relative to adult-onset MS, 42 and given that in adults accrual of new lesions is associated with higher relapse rates, it is reasonable to implicate accrual of new MRI lesions as a surrogate for disease activity in the pediatric MS population. A recent study estimated sample sizes for pediatric MS trials using new T2 lesions compared to clinical (relapse rate) outcomes as the primary endpoint 11 and showed a great advantage of MRI markers in reducing the size and duration of trials.
CONCLUSIONS The onset of MS during childhood affects not only established neural networks but also connections that are actively maturing. MRI measures provide a window into these processes through quantification of the development of structural pathways as well as the potential loss of such pathways or their cortical or subcortical connections. Linking such analyses with patient-relevant outcomes such as cognitive and behavioral health, social maturation, and prediction of future disability is a key area for future research. More-advanced analysis on 3T MRI and the very recent access to 7T MRI will provide information on cortical pathology in pediatric MS.
Although initial work has suggested that cortical lesions are relatively infrequent 43 and not a major contributory factor to cognitive function in patients with pediatric MS, 44 larger studies are required to further explore the prevalence and accrual rate of cortical pathology in pediatric MS and the clinical importance of cortical lesions in patients in whom they do occur. The demonstration that MRI lesions are a valid surrogate for relapses in adult populations 34 supports the use of MRI variables as primary endpoints in phase III trials for children with MSa key issue given the rarity of MS onset in childhood and adolescence and the feasibility of large clinical trials in this population. Finally, MRI serves as an important tool to monitor disease activity in MS. The emerging concept of "no evidence of disease activity" as a therapeutic goal in adult-onset MS therapeutics requires evaluation in pediatric MS, balancing therapeutic efficacy, mechanisms of action, and risk.
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